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Abstract 
We report the nanoscale electrical imaging results in hexagonal Lu0.6Sc0.4FeO3 single crystals 
using conductive atomic force microscopy (C-AFM) and scanning microwave impedance 
microscopy (MIM). While the dc and ac response of the ferroelectric domains can be explained by 
the surface band bending, the drastic enhancement of domain wall (DW) ac conductivity is clearly 
dominated by the dielectric loss due to DW vibration rather than mobile-carrier conduction. Our 
work provides a unified physical picture to describe the local conductivity of ferroelectric domains 
and domain walls, which will be important for future incorporation of electrical conduction, 
structural dynamics, and multiferroicity into high-frequency nano-devices.   
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Domain walls (DWs) in ferroelectric materials are natural interfaces that can be readily 
written, erased, and manipulated by external electric fields. Since the discovery of DW conduction 
in BiFeO3 thin films
1 by conductive atomic-force microscopy (C-AFM), similar phenomena have 
been reported in a wide range of ferroelectrics including PbZr0.2Ti0.8O3 (PZT) 
2, LiNbO3 
3, BaTiO3
 
4, hexagonal manganite h-RMnO3 (R = Sc, Y, Ho to Lu) 
5-7, and (Ca,Sr)3Ti2O7 
8. It is now generally 
accepted that the prominent conductivity difference between domains and DWs is a norm rather 
than an exception9. Consequently, much effort has been made to demonstrate DW-based nano-
devices10, such as nonvolatile memory11,12, field effect transistors (FETs)13, reconfigurable 
channels14,15, and DW-motion logics16. While many functionalities are achieved at zero (dc) or 
low frequencies, practical devices usually demand much higher operation frequencies. In the giga-
Hertz (GHz) range, the dielectric loss due to dipolar relaxation may become significant. In other 
words, the effective ac conductivity would contain contributions from both mobile carrier 
conduction and bound charge oscillation.  The understanding of DW response in the microwave 
regime is therefore desirable for the continued research in DW nanoelectronics. 
The GHz DW conductivity has been recently studied by scanning microwave impedance 
microscopy (MIM) in several ferroelectrics17-19. In particular, charge-neutral DWs on the (001) 
surface of h-RMnO3, which show vanishingly small electrical conduction at dc
5, exhibit very large 
ac conductivity at radio frequencies due to the collective DW vibration around its equilibrium 
position19. In this Rapid Communication, we report a combined C-AFM and MIM study on 
hexagonal ferrite Lu0.6Sc0.4FeO3, which is isomorphic to h-RMnO3 in the crystalline structure
20-23. 
While mobile carriers are responsible for the DW dc conduction, the large ac conductivity at 1 
GHz is clearly dominated by the dielectric loss due to DW oscillations. By applying a tip bias 
during the MIM imaging, we observed that the signals on the two types of ferroelectric domains 
could be described by the surface band bending, whereas the GHz conductivity at the DWs remains 
largely unchanged. Our work provides a platform to explore the interplay between electrical 
conduction and structural dynamics in multiferroic DWs and generates new impetus to incorporate 
nanometer-sized DWs into multifunctional nanoelectronic devices. 
Hexagonal rare-earth ferrites h-RFeO3 (R = Sc, Y, Ho to Lu) have attracted much interest in 
the past decade due to the possible coexistence of ferroelectricity and antiferromagnetism at room 
temperature20-23. While only the orthorhombic phase is thermodynamically stable for bulk LuFeO3, 
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it is found that hexagonal LuFeO3 crystals can be stabilized by Sc substitution without the loss of 
multiferroicity23. In this work, bulk Lu0.6Sc0.4FeO3 (LSFO) crystals (lattice structure shown in Fig. 
1a) were grown using the optical floating zone method under 0.8 MPa O2 atmosphere. The crystals 
were annealed at 1400°C in air for 24 hours and then cooled down to 1200°C with 1°C/h cooling 
rates, followed by the final annealing at 1000°C under 20 MPa O2 pressure in a high-pressure 
oxygen furnace to remove oxygen vacancies. Analogous to h-RMnO3, LSFO crystals after such 
treatments show weak p-type conduction, presumably due to the interstitial oxygen doping24. As 
shown in Fig. 1b, the two-terminal resistance along the hexagonal c-axis of a LSFO sample (~ 0.5 
mm in height and ~ 1 mm2 in area) is around 1 ~ 2  M at high dc bias. Assuming that the contact 
resistance is insignificant in this regime, one can estimate that the bulk dc conductivity σbulk
dc  is 
around 10-4 ~ 10-3 S/m, which is similar to that of h-RMnO3 in earlier works
25.  
 
FIG. 1. (a) Crystal structure of hexagonal Lu0.6Sc0.4FeO3 (LSFO). (b) Two-terminal I-V characteristics 
on a bulk LSFO single crystal. The dashed line is a linear fit to deduce the resistance. The inset shows 
a picture of typical LSFO crystals. (c-e) AFM, out-of-plane PFM, and C-AFM images acquired on the 
same area from the cleaved surface of (001) LSFO. The enhanced C-AFM signals at the step terraces 
are presumably due to the sudden change of tip-sample contact area during the scanning. The scale bars 
are 500 nm. (f) Fixed-point I-V curves on up domain (orange), down domain (green), and domain wall 
(purple) indicated in (e). (g) Semi-log plot of the data in (f). The black lines are exponential fits for |Vtip| 
< 1.5 V. 
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The as-grown LSFO crystals were cleaved to expose the (001) surface for imaging studies. 
The AFM image in Fig. 1c shows micrometer-scale flat terraces. Cloverleaf-like ferroelectric 
domain patterns, reminiscent of that observed in h-RMnO3, could be seen in the out-of-plane piezo-
response force microscopy (OOP-PFM) image (Fig. 1d). Different from h-RMnO3 where DWs on 
the (001) surface are more resistive than the adjacent domains5, however, the C-AFM image in the 
same area (Fig. 1e) indicates that the LSFO (001) DWs exhibit enhanced conduction under a tip 
bias Vtip of -2 V. To estimate the local dc conductivity, we measured the fixed-point (labeled in 
Fig. 1e) I-V characteristics on DW and up-polarized/down-polarized domains (hereafter 
abbreviated as up and down domains, respectively) in Fig. 1f. Similar results can be observed in 
other locations of the sample. Consistent with an earlier report on HoMnO3 
25, the signals on the 
two domains can be explained by the polarization-modulated rectification at the metal-
semiconductor junction. For small bias values |Vtip| < 1.5 V, the curves can be fitted by the 
Shockley diode equation I = IS[exp(eV/nkBT) - 1], where e is the electron charge, kB is the 
Boltzmann constant, T is the temperature, IS is the saturation current, and n is the ideality factor
26. 
The asymmetric bias-dependent current is presumably due to the tip-sample Schottky barrier. In 
the high forward bias (Vtip < 0) regime, the current measured at the DW is ~ 5 times larger than 
that at the domains. Considering that the typical tip-sample contact diameter of 10 nm is another 
~ 5 times larger than the ferroelectric DW width (1~3 nm), we estimate the DW dc conductivity 
σDW
dc  to be 10-2 ~ 10-1 S/m, i.e., 1 ~ 2 orders of magnitude higher than σbulk
dc . We note that several 
theories have been proposed to explain the enhanced dc conductivity in nominally uncharged DWs, 
including the band-gap narrowing effect1,27, accumulation of charged defects28, and flexoelectric 
effect29. While the exact nature of the DW dc conduction in LSFO is not clear at this point, the 
level of conductivity enhancement is consistent with other investigations27-29. 
At GHz frequencies, it has been reported that DWs on (001) h-RMnO3 exhibit strong 
dielectric loss due to the periodic vibration around the equilibrium position19. Since hexagonal 
manganites and ferrites share the same lattice structure and origin of ferroelectricity, similar DW 
dynamics is also expected in the LSFO sample. Fig. 2a shows the MIM images at f = 1 GHz when 
a dc voltage is applied to the tip through a bias-tee. At zero tip bias, the MIM images are dominated 
by the pronounced DW signals. As Vtip increases from 0 V, contrast between opposite domains 
emerges, with up domains showing higher MIM signals. The domain contrast reverses sign for a 
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negative tip bias. The evolution of domain signals can be qualitatively described by the band 
bending at the tip-sample interface25, as illustrated in Fig. 2b. Here the overall Schottky barrier 
increases with increasing forward bias (Vtip > 0) and decreases with increasing absolute reverse 
bias (Vtip < 0). Different from non-ferroelectric semiconductors, the polarization-induced surface 
charge leads to an additional modification to the Schottky barrier height. As a result, in the 
accumulation regime, the valence band maximum EV of down domains will reach the Fermi level 
EF before the up domains. Conversely, the surface inversion of carrier type when the conduction 
band minimum EC meets EF will occur first at the up domains. At intermediate Vtip, the 
semiconductor is in the depletion regime, where EF is distant from both conduction and valence 
bands. The polarization-mediated band bending25 is thus consistent with the domain contrast in the 
MIM images. 
 
FIG. 2. (a) MIM-Im/Re images on (001) LSFO at different bias voltages. The scale bars are 1 µm. The 
images were acquired with monotonically increasing Vtip from -3 V to +2 V. The up and down domains 
are marked by orange and green dots, respectively. (b) Schematic diagrams of interfacial band diagrams 
between the MIM tip and FE domains. EC, EV and EF are energy levels of the conduction band, valence 
band and Fermi energy of semiconductor, respectively. B is the difference in Schottky barrier height 
between the two domains.  
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To quantify the MIM data, we first analyze the DW signals when both domains are highly 
resistive, i.e., in the depletion regime. The MIM line profiles across a single DW (indicated in Fig. 
2a) are plotted in Fig. 3a. The full width at half maximum (FWHM) of ~ 100 nm is limited by the 
spatial resolution, which is determined by the diameter of the tip apex that is in close proximity 
with the sample. The MIM-Im/Re signals are proportional to the real and imaginary parts of the 
tip-sample admittance, which can be computed by finite-element analysis (FEA)30. Here the DW 
is modeled as a vertical 2-nm-wide slab sandwiched between adjacent insulating domains. The 
simulated MIM signals as a function of the DW ac conductivity σDW
ac  are shown in Fig. 3b, from 
which σDW
ac  ~ 600 S/m at 1 GHz can be estimated by comparing the measured signals and the FEA 
results. The fact that σDW 
ac  is about 4 orders of magnitude higher than σDW
dc  strongly suggests that 
the DW vibration19, rather than mobile carrier conduction, is responsible for the energy dissipation 
at microwave frequencies. 
 
FIG. 3. (a) MIM-Im/Re line profiles across a single DW, labeled as dashed lines in Fig. 2a. The full 
width at half maximum is ~ 100 nm. (b) Simulated MIM signals as a function of the DW ac conductivity. 
The signal levels in (a) are consistent with σDW
ac  ~ 600 S/m, as denoted by the dashed line. σbulk
dc  and 
σDW
dc  are also indicated in the plot. The inset shows the tip-sample configuration for the FEA simulation.  
We now turn to the quantitative analysis of bias-dependent MIM images. As discussed before, 
the surface conductivity is modified by the tip bias due to the band bending at the tip-sample 
interface. In principle, the spatial distribution of conductivity underneath the biased tip can be 
numerically computed by self-consistent Schrodinger-Poisson equations31. Such an approach, 
however, requires extensive knowledge on the band parameters, carrier mobility, and the exact tip-
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sample contact conditions, which are difficult to evaluate from our data. Since the dimension of 
the tip-sample contact area is much smaller than that of the space charge region, we approximate 
the tip-induced surface effect by a semi-spherical region (radius rsurf = 100 nm) with a uniform 
conductivity surf. The MIM response as a function of surf is included in Appendix A. Moreover, 
using a simple dielectric gap model32,33, one can estimate the difference in the Schottky barrier 
(B) between the two domains to be 0.1 ~ 0.2 eV. As a result, for the same Vtip, the surface 
conductivity differs by a factor of 100 ~ 1000 when the tip scans across the DW. Since the MIM 
signals saturate for surf < 10-2 S/m (Appendix A), we further assume that the less conductive 
domain for a given Vtip is at the insulating limit, as schematically illustrated in Fig. 4a. The bias-
dependent MIM data across the DW (indicated in Fig. 2a) are plotted in Fig. 4b and 4c. The 
averaged MIM signals on the DW and up/down domains over the entire image are shown in Figs. 
4d and 4e, using the less conductive domain as a reference. Using the tip-sample configuration in 
Fig. 4a, we can simulate the line profiles (overlaid in Fig. 4b and 4c) and the results are in good 
agreement with the measured data. Fig. 4f summarizes the calculated surf and σDW
ac  from the 
simulation. Again, while the domain signals can be described by the Schottky band bending, the 
large σDW
ac  with virtually no bias dependence signifies the strong dynamic response of ferroelectric 
DWs at GHz frequencies. 
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FIG. 4. (a) Schematic of the tip-sample configuration when a positively biased tip scans across the DW. 
The yellow hemisphere represents the region with enhanced surface conductivity σsurf. (b) MIM-Im and 
(c) MIM-Re line profiles across a single DW at different tip biases. The dashed lines show simulated 
MIM signals to fit the experimental data. (d) Averaged MIM-Im and (e) MIM-Re signals in Fig. 2a, 
using the less conductive domain as the reference. (f) Surface conductivity of domains and ac 
conductivity of DWs as a function of Vtip. The dash-dotted line indicates the MIM sensitivity floor when 
measuring σsurf. 
Finally, the implications of our results are briefly discussed. In conventional C-AFM 
measurements, a high Vtip is usually required to inject a current across the Schottky barrier. The 
current then enters the surface accumulation or inversion region and finds its way to the counter 
electrode through an intricate matrix of domains and DWs. The measured conductance is largely 
limited by the bulk semiconductor, making it formidable to quantify the local dc. The MIM, on 
the other hand, probes the local ac impedance by an oscillating GHz voltage (𝑉tip
ac < 0.1 V) through 
the near-field interaction, which decays rapidly away from the tip19,30. As a result, it is 
straightforward to interpret the MIM data as an averaged response over a spatial extent determined 
by the tip diameter. For the ferroelectric domains, the extracted surface conductivity (Fig. 4f) can 
be satisfactorily explained by the band-bending picture25 (Fig. 2b), which is not surprising since 
electrical conduction due to mobile carriers does not differ much between dc and f = 1 GHz. In 
contrast, the measured σDW
ac  at 1 GHz is nearly bias-independent and the value is ~ 104 times greater 
than σDW
dc , indicative of the predominance of dielectric loss due to DW vibration at microwave 
frequencies19. Our results thus provide a unified physical picture to analyze nanoscale dc and ac 
response of ferroelectric domains and domain walls, which will be invaluable for future DW 
nanoelectronics operating in the microwave regime. 
In summary, we performed electrical mapping on (001) hexagonal Lu0.6Sc0.4FeO3 single 
crystals at dc and GHz frequencies by a combination of C-AFM and MIM techniques. The dc 
conductivity of the DWs is moderately enhanced over that of the domains owing to the excess 
mobile carriers. MIM studies demonstrate that the microwave response of DWs is dominated by 
their vibrational dynamics, resulting in a bias-independent effective ac conductivity higher than 
the dc value by a factor of ~ 104. As h-Lu0.6Sc0.4FeO3 is a room-temperature multiferroic 
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material23,34, our results shed new lights on the interplay among electrical conduction, structural 
dynamics, ferroelectricity, and magnetism in small band-gap multiferroics. 
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APPENDIX A: Finite-element analysis of the MIM results  
 
FIG. A1. Simulated MIM signals as a function of the surface conductivity of the domains. The bulk dc 
conductivity is also indicated in the plot. The inset shows a side view of the tip-sample geometry for 
the FEA simulation. 
Finite-element analysis (FEA) of the MIM data30 was performed by the commercial software 
COMSOL 4.4. The tip diameter of 100 nm is the same as the full width at half maximum of the 
MIM line profile across the DW, which is modeled as a 2-nm slab sandwiched between up and 
down domains19. To analyze the bias-dependent images, we assume that Vtip induces a semi-
spherical region (rsurf = 100 nm) underneath the tip with a uniform conductivity surf. Fig. A1 shows 
the FEA results as a function of surf using the 2D axisymmetric model. The MIM signals saturate 
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for surf below 10-2 S/m so that the bulk domains (bulk ~ 10-3 S/m) can be regarded as in the 
insulating limit. Note that the tip-sample configurations involving the DW (Fig. 3b inset and Fig. 
4a) are no longer axisymmetric around the tip. The full 3D FEA is thus needed to generate the 
simulation results in Fig. 3b and Fig. 4b. The simulated curves in Fig. 3b are also different from 
that in Fig. A1. 
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